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Wernickea b s t r a c t
With the advent of non-invasive brain stimulation (NIBS), a new decade in the study of language has
started. NIBS allows for testing the functional relevance of language-related brain activation and enables
the researcher to investigate how neural activation changes in response to focal perturbations. This
review focuses on the application of NIBS in the healthy brain. First, some basic mechanisms will be intro-
duced and the prerequisites for carrying out NIBS studies of language are addressed. The next section out-
lines how NIBS can be used to characterize the contribution of the stimulated area to a task. In this
context, novel approaches such as multifocal transcranial magnetic stimulation and the condition-and-
perturb approach are discussed. The third part addresses the combination of NIBS and neuroimaging
in the study of plasticity. These approaches are particularly suited to investigate short-term reorganiza-
tion in the healthy brain and may inform models of language recovery in post-stroke aphasia.
 2014 The Author. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. The basic physiology of non-invasive brain stimulation
techniques
This review aims at elucidating how non-invasive brain stimu-
lation can contribute to a better understanding of the neurophysi-
ology of language. Non-invasive brain stimulation methods like
transcranial magnetic stimulation (TMS) and transcranial direct
current stimulation (tDCS) complement correlative neuroimaging
approaches by enabling the researcher to characterize the causal
contribution of the stimulated area to a given (language) task.
Moreover, these techniques can be used to shed light on mecha-
nisms of plasticity in language networks in both the healthy brain
and patients suffering from aphasia. This review deals with the
application of non-invasive brain stimulation in the healthy lan-
guage system with a particular focus on the application of repeti-
tive TMS (rTMS), since these protocols represent the most
commonly used approach to interfere with speech and language
functions in the majority of studies to date. For recent reviews
on the potential of non-invasive brain stimulation in facilitating
recovery after stroke-induced aphasia, the reader is referred to
Devlin and Watkins (2007), Hamilton, Chrysikou, and Coslett(2011), Hartwigsen and Siebner (2013) or Holland and Crinion
(2012).
1.1. Transcranial magnetic stimulation (TMS)
TMS was introduced as non-invasive technique for electrical
stimulation of the human cortex in the 1980s (Barker, Jalinous, &
Freeston, 1985). When investigating brain functions with TMS, it
should be borne in mind that the effects of TMS critically depend,
among others, on the stimulation parameters, the targeted cortical
area(s), the employed task and the timing of the stimulation
(Siebner, Hartwigsen, Kassuba, & Rothwell, 2009; Siebner &
Rothwell, 2003). Some of these issues with a particular relevance
for the study of language will be discussed in the next sections.
1.1.1. Some basic mechanisms of TMS
TMS is a valuable tool for studying language functions since it
permits causal conclusions to be drawn regarding the contribution
of the stimulated area to a speciﬁc brain function (Paus, 2008;
Walsh & Cowey, 2000).
On the physiological level, a single TMS pulse causes electro-
magneto-electric stimulation of neuronal axons, particularly in
superﬁcial regions of the cerebral cortex. TMS directly and nonin-
vasively interacts with cortical processing by passing a brief and
strong current through a stimulation coil, which induces a
perpendicular time-varying magnetic ﬁeld that penetrates the
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and short-lived current at the site of stimulation that can tempo-
rarily excite or inhibit the stimulated area (Bestmann, 2008;
Hallett, 2000). The term ‘‘magnetic stimulation’’ might appear mis-
leading since the strong time-varying magnetic ﬁeld that is
induced in the TMS coil is only used as a means to generate an elec-
tric ﬁeld in the brain. The majority of studies have investigated the
physiological mechanisms of TMS in the human motor system
because its effects can easily be quantiﬁed by recording the TMS-
induced motor evoked potential as a measure of neuronal excit-
ability. When applied over the primary motor cortex, TMS can
depolarize corticospinal tract neurons and evoke contralateral
hand muscle movements. The size of these motor evoked poten-
tials reﬂects the excitability of the corticospinal system
(Bestmann, 2008). For other brain regions, such direct measures
are difﬁcult to obtain. TMS-induced effects on cognitive functions
such as language are usually quantiﬁed either as changes in behav-
ioural performance (i.e., the speed and accuracy of a speciﬁc task)
or changes in neural activation (see Section 3). For comprehensive
review on the basic physiology of TMS, see (Amassian & Maccabee,
2006; Bestmann, 2008; Hallett, 2000; Pascual-Leone, Walsh, &
Rothwell, 2000; Ziemann et al., 2008).
Despite the increased application of TMS in the study of motor
function and cognition across the last few years, the events that
lead to neuronal excitation at the cellular level are still poorly
understood. For instance, the relevance of cellular and gyral
shapes, the grey matter boundaries, the local variations in tissue
conductivity, and the role of background neural activity for the
effects of non-invasive brain stimulation are largely unknown
(Miniussi, Ruzzoli, & Walsh, 2010; Sandrini, Umilta, & Rusconi,
2011; Siebner, Hartwigsen, et al., 2009). Previous studies in the
motor cortex suggested that for many coil orientations, the cortical
grey matter is the predominant target of the TMS pulse (Di Lazzaro
et al., 2004). Thielscher, Opitz, and Windhoff (2011) used anatom-
ical modelling of the individual gyriﬁcation pattern to characterize
the effect of the current direction on the electric ﬁeld distribution
in the cortical grey matter of the primary motor and somatosen-
sory cortex. The authors reported that the highest ﬁeld strengths
occur at the gyral crowns that are perpendicular to the local elec-
tric ﬁeld orientation, implicating that the gyral geometry has a
strong impact on the electric ﬁeld induced by the TMS pulse. This
suggests that the TMS coil handle should be oriented perpendicular
to the target structure to optimize the (behavioural and electro-
physiological) effects of TMS. These results have important impli-
cations for the study of language. So far, many studies relied on a
coil orientation with the handle pointing at 45 to the sagittal
plane that is optimal with respect to the size of the motor evoked
potential when TMS is applied over the primary motor cortex (e.g.,
Brasil-Neto, Cohen, et al., 1992; Ni et al., 2011). However, the gyral
anatomy might be different in areas outside the primary motor
cortex. Hence, it might be worthwhile to use neuronavigated
TMS based on frameless stereotaxy and adjust the coil orientation
to the cortical anatomy of the target structure when TMS is given
over language areas.
1.1.2. Different TMS protocols and timing issues
In principle, TMS can be applied in two different approaches:
TMS can either be given before a language task (i.e., ‘‘ofﬂine’’) or dur-
ing a task (i.e., ‘‘online’’). Particularly, the online approach provides a
means of transiently disrupting ongoing neural processing in the
stimulated cortex while subjects perform a given (language) task
and thus permits causal conclusions with respect to the contribu-
tion of the stimulated area to a speciﬁc brain function
(Hartwigsen & Siebner, 2012; Paus, 2008; Siebner, Hartwigsen,
et al., 2009; Walsh & Cowey, 2000). Online TMS protocols range
between the application of single pulses, paired pulses and shorthigh-frequency bursts of repetitive TMS (rTMS). While the majority
of studies targeting language areas used rTMS to interfere with a
speciﬁc language function (e.g., Gough, Nobre, & Devlin, 2005;
Papagno, Fogliata, Catricala, & Miniussi, 2009; Romero, Walsh, &
Papagno, 2006; Sliwinska, James, & Devlin, 2014; Whitney, Kirk,
O’Sullivan, Lambon Ralph, & Jefferies, 2011 see below for details),
some language studies also applied single, double, or triple pulse
protocols in a chronometric fashion (e.g., Coslett & Monsul, 1994;
Devlin, Matthews, & Rushworth, 2003; Schuhmann, Schiller,
Goebel, & Sack, 2009; Sliwinska, Khadilkar, Campbell-Ratcliffe,
Quevenco, & Devlin, 2012; Stoeckel, Gough, Watkins, & Devlin,
2009). This means that TMS is given at distinct time-points during
a task to perturb intrinsic neural activity in the stimulated area.
As a single TMSpulse interfereswith ongoing neural activity for sev-
eral tens of milliseconds, this approach provides sufﬁciently high
temporal resolution to identify the time period during which the
stimulated region makes a critical contribution to a given task
(see also Section 3.1).
The perturbation of intrinsic brain activity with short bursts of
rTMS is often referred to as ‘‘virtual lesion’’. An important advantage
of such (r)TMS-induced lesions relative to studies of structural brain
lesions is that there is insufﬁcient time for functional reorganization
to occur during online TMS. Thus, the acute perturbation effect
should not be confounded by chronic processes mediating func-
tional recovery locally and at the systems level (Walsh & Cowey,
1998, 2000). However, it shouldbementioned that the TMS-induced
disruption of neural activity in one area might also lead to a
‘‘paradoxical improvement’’ in task performance. For instance, sev-
eral studies reported faster reaction times with different online or
ofﬂine rTMS protocols over temporal or frontal language areas
(Andoh & Paus, 2011; Andoh et al., 2006; Nixon, Lazarova,
Hodinott-Hill, Gough, & Passingham, 2004; Sparing et al., 2001).
The observation of a paradoxical improvement in cognitive tasks
after a ‘‘virtual lesion’’ can be explained within the framework of
the ‘‘statedependency’’ concept. Itwas argued that theTMS-induced
activity or ‘‘neural noise’’ (Ruzzoli, Marzi, & Miniussi, 2010) is not
totally random and may not be independent of the task-induced
neural activity or brain state (i.e., ‘‘state dependency’’, see Pasley,
Allen, & Freeman, 2009; Silvanto, Muggleton, & Walsh, 2008). TMS
may induce neuronal activity that adds to the ongoing neural activ-
ity as a complement to the extant activity determined by state and
task demand. Depending on the neuron population that will be
activated, the induced activity can be considered both as noise and
as part of the signal (Miniussi et al., 2010). Hence, the induced noisy
activity may be synchronized with the ongoing relevant signal
(Ermentrout, Galan, & Urban, 2008), thereby rendering the signal
stronger (Miniussi, Harris, & Ruzzoli, 2013). In other words,
behavioural facilitation may result from an optimum level of noise.
In the language system, state dependent effects were demon-
strated in studies employing TMS in a priming approach during
speech production. A number of studies reported behavioural facil-
itation when single pulse TMS or high-frequency rTMS was given
immediately before picture naming over left-hemispheric lan-
guage areas (e.g., Mottaghy, Sparing, & Topper, 2006; Mottaghy
et al., 1999; Sparing et al., 2001; Topper, Mottaghy, Brugmann,
Noth, & Huber, 1998; Wassermann et al., 1999). For instance, in a
study by Sparing et al. (2001), naming latencies were decreased
immediately after 20 Hz rTMS of Wernicke’s area, but only at rela-
tively high intensities (i.e., with 55% of maximum stimulator out-
put relative to conditions with intensities of 35% or 45%). These
authors suggested that the facilitatory effect of rTMS over Wer-
nicke’s area could be explained by a facilitation of lexical processes
through a pre-activation of language-related neural networks (see
also Topper et al., 1998). In contrast, other studies reported
decreased behavioural accuracy when online rTMS bursts were
applied during picture naming over frontal or temporal language
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stress the inﬂuence of the timing of the TMS intervention as well as
the employed task and the stimulation protocol and intensity.
Ofﬂine TMS, on the other hand, is well suited to induce plasticity
in the targeted brain network and can be easily combined with dif-
ferent imaging techniques (see Section 4.1 for details). Ofﬂine TMS
usually refers to the application of rTMS. Such protocols are given
continuously as long trains at a constant rate (i.e., continuous rTMS,
often applied at a frequency of 1 Hz) or intermittently as repetitive
bursts (i.e., intermittent or burst-like rTMS) to induce lasting func-
tional effects in the stimulated area and connected sites (Siebner &
Rothwell, 2003; Ziemann et al., 2008). These protocols canmodulate
brain activation for a longer time period of about 30–45 min after
the end of the stimulation and thus allow for the induction of rapid
functional reorganization in the stimulated area and in connected
brain regions (Lee, Siebner, & Bestmann, 2006; Rossi & Rossini,
2004). Notably, such ‘‘remote’’ effectsmay even occur over large dis-
tances at interconnected sites within the same hemisphere as well
as in contralateral areas. Usually, the applied rTMS protocol is
‘‘inhibitory’’ with respect to its effects onmotor cortical excitability.
When applied over the primarymotor cortex, such (low-frequency)
rTMS protocols appear to produce a transient reduction in cortical
excitability as assessed by the size of the motor evoked potential
(Fitzgerald, Fountain, & Daskalakis, 2006). Due to these inhibitory
effects, it is generally assumed that the rTMS intervention induces
a lasting suppression of neural excitability in relevant areas
(Siebner & Rothwell, 2003). However, as noted above, the effects
of a particular rTMS protocol on cognitive functions may strongly
depend on the given context. The ofﬂine approach bears some anal-
ogies to acute stroke, because ofﬂine rTMSmay give rise to an acute
adaptive reorganization within the non-stimulated functional
nodes of the networks to compensate for the rTMS-induced sup-
pression of neural activity in those components of the network that
have been perturbed with rTMS (O’Shea, Johansen-Berg, Trief,
Gobel, & Rushworth, 2007; Rossi & Rossini, 2004).
In sum, online and ofﬂine TMS represent complementary
approaches that enable the researcher to investigate the functional
relevance of the targeted brain area and allow for the investigation
of rapid reorganization and plasticity within a (language) network.
The changes in neural activity evoked by TMS can be quantiﬁedwith
different methods. For instance, TMS-induced disruptions on the
behavioural level are usuallymeasured as changes in reaction times
and/or error rates. Effects of TMSonelectrophysiological parameters
or neural activation, on the other hand, can be assessed with motor
evoked potentials or neuroimaging read-outs.
1.2. Transcranial direct current stimulation (tDCS)
Electrical stimulation of animal and human body parts dates
back to the days of Galvani’s ﬁrst experiments on bioelectricity
in the 18th century (Galvani, 1791). In the 1950s and 1960s, tDCS
has been mainly used in animal research. These studies demon-
strated that the effects of tDCS are primarily based on a modulation
of the resting membrane potential (Bindman, Lippold, Redfearn, &
Physiology, 1964; Creutzfeld, Fromm, & Kapp, 1962; Malenka &
Nicoll, 1999; Purpura & McMurtry, 1965; Terzuolo & Bullock,
1956); see (Nitsche & Paulus, 2000). tDCS was re-introduced as a
means to induce plasticity in the healthy human brain in 2000
by Nitsche and Paulus (2000). Over the last 15 years, this technique
has increasingly been used in the study of motor and cognitive
functions to modulate cortical excitability for longer time periods
in healthy subjects and patients with brain lesions.
1.2.1. Some basic mechanisms of tDCS
tDCS modulates cortical excitability via tonic cortical stimula-
tion. To this end, weak direct electrical currents (1–2 mA) betweentwo electrodes are applied to the scalp over a relatively extended
time period of usually 5–20 min. tDCS has been shown to elicit
polarity-dependent excitability changes in the cortical area under
the stimulation electrodes, presumably due to direct current-
induced modulation of the resting membrane potential. Studies
in the motor cortex showed that anodal tDCS increases motor-cor-
tical excitability while cathodal tDCS decreases it (Antal et al.,
2004; Kincses, Antal, Nitsche, Bartfai, & Paulus, 2004; Nitsche &
Paulus, 2000). Similar to TMS, tDCS can also be applied before a
certain task (ofﬂine) or during task processing (online).
Of note, the physiological mechanisms during stimulation are
probably different from those responsible for short and long-lasting
after-effects (Bindman, Lippold, & Redfearn, 1962; Brunoni et al.,
2012; Stagg & Nitsche, 2011), for review, see (Monti et al., 2013).
Indeed, evidence from animal studies suggests that the acute online
tDCS effects are mediated by membrane depolarization for anodal
stimulation andmembrane hyperpolarization for cathodal stimula-
tion (Purpura & McMurtry, 1965). In contrast, it was proposed that
long-term potentiation and long-term depression might be likely
candidates for the long lasting after effects (Hattori, Moriwaki, &
Hori, 1990; Islam, Aftabuddin, Moriwaki, Hattori, & Hori, 1995;
Malenka & Nicoll, 1999; Moriwaki, 1991). Importantly, the effects
of tDCS depend on the interaction of electric ﬂowdirection and neu-
ronal geometry (Nitsche & Paulus, 2000).
Several studies on motor and cognitive functions showed that
performance changes induced by tDCS persisted beyond the period
of stimulation for up to 6–12 months after the intervention (Cohen
Kadosh, Soskic, Iuculano, Kanai, & Walsh, 2010; Dockery, Hueckel-
Weng, Birbaumer, & Plewnia, 2009; Reis et al., 2009).
The effects of tDCS on task processing can be quantiﬁed with
behavioural measures, neurophysiological parameters or neuroim-
aging read-outs. For example, the amplitude of the motor-evoked
potential can be used to measure changes in the excitability of the
motor system after tDCS application over the primarymotor cortex.
Additional transcranial stimulation techniques such as transcra-
nial alternating current stimulation or transcranial random noise
stimulation have been introducedmore recently. So far, thesemeth-
ods aremainly applied in themotoror visual systemtodirectlymod-
ulate cortical rhythms (for a recent review, see Antal and Paulus
(2013)). Future studies will prove whether these techniques may
also be suitable as interventional tools to modulate language func-
tions in the healthy brain and in patients with brain damage.2. Critical issues for the application of non-invasive brain
stimulation in language studies
A prerequisite for all studies employing non-invasive brain
stimulation is the use of adequate control sites and conditions. In
general, active control regions are preferable to placebo (sham)
stimulation. This is of particular relevance for the application of
(online) TMS over language areas since TMS can yield unpleasant
side effects (e.g., muscle twitches) that might induce substantial
discomfort, especially when applied in inferior frontal regions at
higher stimulation intensities (Hartwigsen, Price, et al., 2010).
The side effects of the stimulation procedure might cause unspe-
ciﬁc behavioural effects that can substantially confound the
results. As a second general remark, different stimulation sites
should be targeted in different sessions several days apart to pre-
vent any carry-over effects of the stimulation procedures when off-
line stimulation is used.2.1. Coil or electrode placement
When applying TMS over the cortical target area of interest, it
needs to be borne in mind that the induced electric ﬁeld decreases
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of penetration depends on the shape and size of the coil, the stim-
ulation intensity and the responsiveness of the targeted tissue.
Commercially used standard coils usually reach a penetration
depth of approximately 2–3 cm (Sandrini et al., 2011; Weyh &
Siebner, 2007). Hence, only cortical neuronal tissue is within the
range of TMS while deep cerebral grey matter nuclei cannot be
stimulated directly with TMS. The penetration depth is thus sufﬁ-
cient to effectively stimulate the fronto-parieto-temporal language
areas at the hemispherical surface (Hartwigsen & Siebner, 2012).
Recently, h-shaped coils for so called ‘‘deep TMS’’ were introduced
as a potential means for the treatment of psychiatric disorders
such as depression (Harel et al., 2014; Levkovitz et al., 2007). It
was demonstrated that these coils modulate cortical excitability
to a maximum depth of up to 6 cm (Bersani et al., 2013; Roth,
Amir, Levkovitz, & Zangen, 2007), thus allowing for a direct stimu-
lation of deeper brain structures like the cingulum. However, these
coils are not used in the routine application yet.
Another limiting factor of the TMS approach is the focality of
the stimulation. TMS does not produce a focal stimulation of neu-
ronal tissue at a small predictable site. The geometry of the coil is
an important factor in determining the magnitude and spatial
extent of cortical stimulation. As a rule of thumb, standard ﬁg-
ure-of-eight coils usually provide a spatial resolution of approxi-
mately 1–1.5 cm (Walsh & Rushworth, 1999), depending on the
speciﬁc tissue that is being stimulated (Sandrini et al., 2011). Map-
ping studies in the motor system demonstrated even higher reso-
lutions of up to 0.5–1 cm when single pulses were applied over
the primary motor cortex (Brasil-Neto, McShane, Fuhr, Hallett, &
Cohen, 1992; Pascual-Leone, Bartres-Faz, & Keenan, 1999;
Wilson, Thickbroom, & Mastaglia, 1993). Note that the focality of
the TMS procedure is also inﬂuenced by the employed stimulation
intensity, frequency and duration. The focality is generally lower
when high-frequency bursts are applied as compared to the appli-
cation of single pulses, since the former protocols produce stronger
spreads of excitation (Pascual-Leone, Valls-Sole, Wassermann, &
Hallett, 1994; Pascual-Leone et al., 1999).
Accurate placement of the TMS coil over the cortical area of
interest is crucial. The motor response evoked by TMS can be used
to functionally localize the primary motor cortex. In this context,
TMS produces an overt response, which can be used to determine
the appropriate site of stimulation. A similar approach has been
adopted for TMS of the visual cortex by positioning the coil at
the site where TMS most reliably elicits a phosphene. However,
note that the successful induction of phosphenes critically depends
on the individual subject’s perception and cannot be quantiﬁed by
objective external measures. For most other cortical areas, no such
responses can be elicited. Therefore, other strategies have to be
used to guarantee accurate coil placement. Neuronavigated TMS
based on frameless stereotaxy is the method of choice for exact coil
placement and continuous monitoring of the coil throughout the
TMS experiment (Denslow, Bohning, Bohning, Lomarev, & George,
2005; Herwig et al., 2003; Neggers et al., 2004; Sack, Kohler,
Linden, Goebel, & Muckli, 2006; Schonfeldt-Lecuona et al., 2005).
With the relatively large stimulation electrodes, tDCS is consid-
erably less focal than TMS. Hence, in comparison with TMS, tDCS is
less suitable to investigate functional–anatomic subdivisions
within language areas but might be preferable for therapeutic pur-
poses (e.g., in post-stroke rehabilitation, see Monti et al., 2013).
Placement of the tDCS electrodes over the language area of interest
is usually guided by the 10–20 EEG system.
2.2. Remote effects and stimulation intensity
An increasing body of research uses neuroimaging techniques
to map TMS-evoked changes in neural activity throughout thebrain (Sandrini et al., 2011; Siebner, Bergmann, et al., 2009). One
consistent ﬁnding across these studies is that TMS gives rise to
functional changes in connected cortical and subcortical areas
(Bestmann, Baudewig, Siebner, Rothwell, & Frahm, 2003; Lee
et al., 2003; Rossi & Rossini, 2004; Siebner et al., 2003). In addition
to the focal stimulation of neuronal tissue at the primary target
site, TMS can inﬂuence intrinsic activity in remote brain areas
because of transsynaptic spread of excitation via cortico-cortical
and cortico-subcortical projections. For instance, it has been shown
that a conditioning TMS pulse given to one primary motor cortex
can inhibit the cortico-motor excitability of the primary motor cor-
tex in the opposite hemisphere (Di Lazzaro et al., 1999; Ferbert
et al., 1992). In sum, the effects of a TMS pulse may not only be
caused by effects at the site of stimulation but may also be medi-
ated via axons projecting to remote cortical areas. Like the local
effects induced in the targeted cortical area, the remote effects crit-
ically depend on the intensity of stimulation.
Of note, the induced magnetic and electric ﬁeld of the TMS
pulse decreases rapidly with increasing distance from the coil
(see above). The intensity of TMS is usually calibrated to the excit-
ability of the primary motor hand area by using the motor thresh-
old as reference, mainly because of a lack of more appropriate
procedures. Yet, it remains unclear for which cortical areas the
motor threshold of the primary motor cortex works as a good pre-
dictor in terms of regional excitability (Boroojerdi et al., 2002). It
was argued that when using the motor threshold of the primary
motor hand area to individually adjust the intensity of stimulation,
the intensity should be corrected for differences in the scalp-to-
cortex distance between the primary motor cortex and the area
that is actually targeted with TMS (Stokes et al., 2005, 2007).
It needs to be borne in mind that TMS may cause adverse
effects, especially if rTMS is used with high frequencies. These
effects range from mild headache to the induction of epileptic sei-
zures. Therefore, adherence to the published safety guidelines
(Rossi, Hallett, Rossini, & Pascual-Leone, 2009; Wassermann,
1998; Wassermann, Cohen, Flitman, Chen, & Hallett, 1996;
Wassermann, Grafman, et al., 1996) is mandatory.
For tDCS application, usually the standard protocols introduced
by Nitsche and Paulus (2000) and Nitsche et al. (2003) are used
without any adaptation to individual thresholds. Recent combina-
tions of tDCS with resting state functional MRI demonstrated that
tDCS induces changes in brain activity in large scale (language)
networks (e.g., Meinzer, Lindenberg, Antonenko, Flaisch, & Floel,
2013; Pena-Gomez et al., 2012). Accordingly, it was suggested that
(anodal) tDCS might modulate endogenous low-frequency oscilla-
tions that are not restricted to the targeted area but also spread to
functionally connected brain areas (Meinzer et al., 2013). In com-
parison with TMS, an important advantage of tDCS is the apparent
absence of any signiﬁcant side effects when using standard proto-
cols. Speciﬁcally, tDCS has not been reported to provoke seizures
since the standard intervention protocols are well below the
threshold of eliciting action potentials (Nitsche et al., 2003). There-
fore, compared with TMS, tDCS may be a viable option for stimula-
tion of the perilesional cortex after stroke where the threshold to
induce seizures is lower. Moreover, in contrast to TMS, it is rela-
tively easy to blind the subject and examiner to the type of tDCS
(i.e., placebo or verum stimulation), which enables a double-blind
study design. This makes tDCS an appealing form of neurostimula-
tion in chronic stroke populations (Holland & Crinion, 2012).3. The functional relevance of language-related brain activity
Previous studies investigated the functional anatomy of lan-
guage comprehension and production in the healthy brain with
online TMS. Most of these studies focused on the application of
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frontal and posterior superior temporal gyrus. Aside from the
investigation of the ‘‘classic’’ language areas, TMS studies have also
contributed to elucidate the role of middle frontal cortex, premotor
and motor regions as well as parietal areas in speech and language
production and perception (see below for details).
3.1. Unifocal TMS studies on language production and comprehension
The functional relevance of language-related brain activity
reported in neuroimaging studies is usually investigated with a
high-frequency online rTMS approach. For extensive review on
the application of online rTMS in language areas, the reader is
referred to Devlin and Watkins (2007), Floel (2012) or
Hartwigsen and Siebner (2012).
Online TMS has contributed to a better understanding of the
role of the inferior frontal gyrus (IFG, Broca’s area) and posterior
superior temporal gyrus (STG, Wernicke’s area) in language pro-
duction (see also Section 1.1.2). For instance, Flitman et al.
(1998) reported increased errors during picture naming when
high-frequency (10–15 Hz) rTMS was applied to left IFG vs. right
IFG. More recently, Pobric, Jefferies, and Ralph (2007) demon-
strated that the anterior temporal lobe is also critically engaged
in picture naming and word comprehension, highlighting the sig-
niﬁcance of this area for semantic processing (see also Pobric,
Jefferies, & Lambon Ralph, 2010). Other studies reported facilita-
tory effects of single pulses or repetitive high-frequency online
rTMS over left-hemispheric language areas when rTMS was
applied immediately before picture naming (Mottaghy et al.,
1999, 2006; Sparing et al., 2001; Topper et al., 1998;
Wassermann et al., 1999). More recently, Schuhmann, Schiller,
Goebel, and Sack (2012) used a chronometric triple-pulse TMS
approach to demonstrate that the essential contribution of frontal
and temporal areas to picture naming differs with respect to their
critical time window. The authors reported increased response
latencies when TMS was applied over left middle temporal gyrus
around 225 ms after picture onset, while Broca’s area became func-
tionally relevant at 300 ms andWernicke’s area at 400 ms post pic-
ture onset. These data provide new insight into the temporal
characteristics of speech production and complement studies
employing electroencephalography or magnetoencephalography
to investigate the temporal signature of word production
(Indefrey & Levelt, 2004).
Online TMS has also been used to explore the role of secondary
motor areas in speech production and perception. For instance,
Tremblay and Gracco (2009) showed that high-frequency rTMS
over the left pre-supplementary motor area selectivity interfered
with the volitional but not forced selection of words and oral ges-
tures, highlighting the role of this area in (verbal) response selec-
tion. Cattaneo, Devlin, Salvini, Vecchi, and Silvanto (2010)
investigated the role of the left ventral premotor cortex in word
comprehension. The authors employed a priming experiment
where subjects had to decide whether a target stimulus was an
exemplar of a tool category. The presentation of target stimuli
was preceded by related primes (presentation of the word ‘‘tool’’)
or unrelated ones (presentation of the word ‘‘animal’’). Single pulse
TMS over left ventral premotor cortex selectively abolished the
priming effect for primed relative to unrelated targets. This study
provides causal evidence for a role of the left ventral premotor cor-
tex in semantic encoding processes and further supports the notion
that the TMS effect may be strongly state or context dependent
(see Section 1.1.2).
Using fMRI-guided low-frequency rTMS, Andoh et al. (2006)
investigated the role of left posterior superior temporal gyrus
(pSTG) in semantic and phonological processing. Prior to the rTMS
application, a functional localizer was performed during fMRI.Subsequently, the authors applied stereotactically guided effective
or sham 1 Hz rTMS over left pSTG or posterior IFG while subjects
performed a language-fragment-detection task. The authors
reported a facilitation of response speed after rTMS over the pSTG
but not pIFG that was stronger for native than for foreign lan-
guages, suggesting a role of this area in lexical processing. These
results demonstrate that even ‘‘standard’’ virtual lesion rTMS pro-
tocols may result in paradoxical facilitation effects.
In a priming approach, the same group (Andoh et al., 2008)
tested whether a priming session of rTMS at different frequencies
over left pSTG would modulate the effects of low-frequency rTMS
over the same area during auditory word detection. In that study,
two different virtual lesion protocols were applied before the task,
consisting of either 600 pulses of 1 Hz rTMS or 600 pulses of con-
tinuous theta-burst stimulation (cTBS) at 50 Hz. Subsequently, 300
pulses of real or sham 1 Hz rTMS were applied during a word-
detection task. Priming with 1 Hz rTMS facilitated the detection
of native words, whereas priming with cTBS facilitated the detec-
tion of foreign words. Accordingly, it was suggested that the prim-
ing frequency of the TMS protocol plays a crucial role in word
detection in the auditory stream.
Other studies investigated the role of the anterior vs. posterior
part of the IFG in word comprehension. To this end, the left IFG
was targeted with high-frequency online rTMS during phonologi-
cal and semantic judgement tasks in several previous studies
(e.g., Devlin et al., 2003; Gough et al., 2005; Hartwigsen, Price,
et al., 2010; Kohler, Paus, Buckner, & Milner, 2004; Nixon et al.,
2004; Romero et al., 2006). These studies provided evidence for a
functional–anatomical double dissociation within the left IFG, with
the anterior part (aIFG) being necessary for decisions on the mean-
ing of word stimuli (i.e., semantic processing) and the posterior
part (pIFG) being more engaged in decisions on the sound of words
(i.e., phonological processing). Other studies found that beyond the
IFG, the inferior parietal cortex also contributes to phonological
decisions (Hartwigsen, Baumgaertner, et al., 2010; Kirschen,
Davis-Ratner, Jerde, Schraedley-Desmond, & Desmond, 2006;
Pattamadilok, Knierim, Kawabata Duncan, & Devlin, 2010;
Romero et al., 2006; Stoeckel et al., 2009) or verbal working mem-
ory (Deschamps, Baum, & Gracco, 2014). For instance, Romero et al.
(2006) demonstrated that the left supramarginal gyrus (SMG)
makes a critical contribution to phonological decisions in healthy
volunteers. In that study, 5 Hz online rTMS over either left SMG
or pIFG relative to a control site in the vertex signiﬁcantly dis-
rupted judgments on visually presented words in different tasks,
suggesting an involvement of both regions in short term retention
of verbal material as well as phonological judgments. This is con-
sistent with the ﬁndings of Kirschen et al. (2006) who reported that
TMS over the inferior parietal lobe signiﬁcantly modulates phono-
logical short-term memory.
Many previous online TMS studies contributed to a better
understanding of the role of the left motor cortex in speech percep-
tion (for detailed reviews, see Devlin & Watkins, 2007; Papeo,
Pascual-Leone, & Caramazza, 2013). In one of the initial studies,
Watkins, Strafella, and Paus (2003) reported facilitation of motor
evoked potentials (MEPs) recorded from lip muscles (i.e., orbicula-
ris oris) when subjects listened to speech while viewing noise or
viewed lip movements of continuous speech while listening to
white noise. The facilitation of the MEP amplitudes was restricted
to the stimulation of left but not right primary motor cortex. These
results provide evidence for an observation–execution matching
process, linking speech-related visual and auditory input in a
somatotopically speciﬁc fashion to effective representation in the
primary motor cortex (Watkins et al., 2003). In another study,
Watkins and Paus (2004) combined TMS and positron emission
tomography to demonstrate that the increased excitability of the
primary motor cortex lip areas as measured by an increase in the
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regional cerebral blood ﬂow in pIFG during speech listening. These
results indicate that the excitability of the primary motor cortex lip
representation is inﬂuenced by input from the pIFG during speech
perception. It was suggested that the reported increase in motor
excitability of the speech production system could reﬂect covert
imitation or internal speech that might improve comprehension
of the percept (Devlin & Watkins, 2007; see also Murakami,
Ugawa, & Ziemann, 2013).
TMS has also been used to demonstrate a differential engage-
ment of different subareas within the left middle frontal gyrus in
the production of grammatical categories (Cappelletti, Fregni,
Shapiro, Pascual-Leone, & Caramazza, 2008; Shapiro, Pascual-
Leone, Mottaghy, Gangitano, & Caramazza, 2001). These studies
showed that an intact function of left anterior midfrontal gyrus is
essential for efﬁcient verb but not noun processing.3.2. Multifocal TMS studies and meta-linguistic processes
While conventional paradigms apply unifocal online rTMS over a
single cortical area, more recent language studies also have started
to include multifocal rTMS over two or more areas simultaneously
(Hartwigsen, Baumgaertner, et al., 2010; Hartwigsen, Price, et al.,
2010). The multifocal TMS approach offers the possibility to study
interhemispheric or intrahemispheric interaction and compensa-
tion by comparing the effects of unifocal TMS over one area with
the effects of simultaneous, multifocal stimulation over two sites.
In two studies, we demonstrated that the involvement of frontal
and parietal areas in phonological judgements is not restricted to
the left hemisphere. Both studies investigated the contribution of
homolog regions in both hemispheres to phonological decisions
with a novel approach in which rTMS was applied either unilater-
ally over left or right-hemispheric regions or simultaneously to
both hemispheres (Hartwigsen, Baumgaertner, et al., 2010;
Hartwigsen, Price, et al., 2010). In one study (Hartwigsen, Price,
et al., 2010), high-frequency rTMS was applied over either the left,
right or bilateral pIFG or aIFG (see Fig. 1A and B) in two groups of
volunteers performing phonological and semantic judgements. In
the phonological task, subjects had to indicate via button press
whether a high-frequent German noun consisted of two or three
syllables. The semantic task required the subject to decide whether
the same word represented a natural or man-made item (Fig. 1C
and D). This design allowed us to investigate whether right pIFG
activation with phonological processing reported in previous fMRI
studies (Chee, O’Craven, Bergida, Rosen, & Savoy, 1999; Devlin
et al., 2003; Poldrack et al., 1999; Shibahara, 2004; Tremblay,
Monetta, & Joanette, 2004) would be necessary for accurate and
efﬁcient phonological decisions in the healthy brain. The simulta-
neous application of rTMS over left and right pIFG enabled us to
test whether both areas can compensate a virtual lesion to the
respective other area. We found that rTMS over pIFG but not aIFG
selectively interfered with phonological but not semantic judge-
ments irrespective of the stimulated hemisphere (left, right or
bilateral), indicating that both the left and right pIFG equally con-
tribute to efﬁcient phonological processing (Fig. 1E and F). Interest-
ingly, the intensity threshold for inducing a disruptive rTMS effect
on phonological decisions was identical for both hemispheres. In
another study (Hartwigsen, Baumgaertner, et al., 2010), we used
the same experimental paradigm to demonstrate that efﬁcient
modality-independent phonological judgements require both the
left and the right SMG in healthy subjects. These results suggest
that both hemispheres equally contribute to efﬁcient phonological
decisions in the healthy brain without any evidence for an acute
compensation of a ‘‘virtual lesion’’ induced in the homolog cortical
area in the opposite hemisphere.A contribution of right-hemispheric brain regions to language
has also been demonstrated by several uni-focal studies that com-
pared the effects of rTMS over both hemispheres during different
language tasks (e.g., Harpaz, Levkovitz, & Lavidor, 2009; Hoekert,
Vingerhoets, & Aleman, 2010; Lauro, Pisoni, Zerboni, & Papagno,
2007; Papagno et al., 2009; Pobric, Mashal, Faust, & Lavidor,
2008; van Rijn et al., 2005). For instance, Papagno et al. (2009)
applied 15 Hz rTMS over either left IFG, left or right pSTG, left infe-
rior parietal cortex or vertex (control site) while participants
decided whether a letter string represented a real word or not.
The authors reported impaired task processing for abstract words
when rTMS was applied to left pSTG, while concrete words were
disrupted with TMS over right pSTG. Relative to vertex stimulation,
TMS over left IFG also decreased accuracy for abstract but not con-
crete words while parietal TMS did not interfere with task perfor-
mance. This suggests a differential involvement of both
hemispheres in the storage of abstract and concrete items, with
abstract lexical entries being stored in left pSTG and left IFG, and
concrete items being represented in right pSTG. However, the
result from another TMS study (Lauro et al., 2007) rather pointed
towards an involvement of the right temporal cortex in the pro-
cessing of abstract semantic judgments, since 5 Hz online rTMS
of the anterior inferior right but not left temporal lobe selectively
interfered with abstract but not concrete semantic judgments.
These diverging results may indicate that different subareas within
the right (and left) hemisphere may contribute differentially to the
lexical processing of abstract vs. concrete words.
In sum, these results challenge the notion that language com-
prehension is generally restricted to the left hemisphere. These
studies rather point towards a general contribution of the right
hemisphere to meta-linguistic tasks such as supra-segmental pho-
nological processing, emotional prosody perception, novel meta-
phor processing or ambiguous word comprehension.
3.3. The condition-and-perturb approach in language networks
More recently, we adopted a novel condition-and-perturb rTMS
approach (Hartwigsen et al., 2012), see also (O’Shea et al., 2007;
Sack, Camprodon, Pascual-Leone, & Goebel, 2005; Strens,
Fogelson, Shanahan, Rothwell, & Brown, 2003), combining ofﬂine
rTMS conditioning over one area with subsequent online perturba-
tion over another area within the same network (Hartwigsen et al.,
under review). That study addressed the joined functional contri-
bution of inferior frontal and parietal areas to phonological and
semantic word decisions. The condition-and-perturb approach
can be used to change the functional weight within a certain (lan-
guage) network and investigate rapid reorganization within the
same hemisphere. A schematic illustration of this approach is given
in Fig. 2. Fig. 2A shows the expected contribution of two areas in
the left hemisphere to a semantic language task. As displayed in
Fig. 2B, the conditioning of region A with ofﬂine rTMS before the
task may decrease the functional contribution of this area to a
given task. In turn, the task-related contribution of area B in the
same hemisphere may be enhanced. The upregulation of region B
may help to maintain task performance at a normal level. If area
B is additionally perturbed with online rTMS, the total lesion load
should be increased. Consequently, the summation of the lesion
effects over area A and B may decrease task performance (Fig. 2C).
One obvious advantage of the condition-and-perturb approach
relative to the (simultaneous) application of multifocal online
rTMS is that neighbouring areas within the same hemisphere can
be targeted with standard coils without any restrictions in coil
placement. Moreover, the combination of ofﬂine conditioning
and online perturbation allows for the investigation of rapid reor-
ganization (i.e., a change in the functional weight) within a
network.
Fig. 1. Effects of multifocal rTMS over the anterior and posterior inferior frontal gyrus (aIFG/pIFG). (A) and (B) Stimulation sites over the left, right and bilateral aIFG and pIFG;
respectively. Mean MNI-coordinates were obtained from previous studies (see original study for details). (C) Auditory run of the two blocked tasks. (D) Example of two single
trials with rTMS. Each trial had a duration of 3000 ms. A 4-pulse train of 10 Hz online rTMS was applied 100 ms after word onset over left, right or bilateral aIFG or pIFG.
Subjects responded with their left index or middle ﬁnger. ms = milliseconds; min = minutes. (E) and (F). Both panels display the effects of rTMS over aIFG and pIFG on mean
reaction times (RT) for the phonological and semantic task. rTMS over pIFG vs. aIFG selectively affected phonological but not semantic RT independent of the rTMS laterality
site (left, right, bilateral). Note that the three rTMS laterality sites are shown separately in (E) for illustrating purposes although the two-way interaction was pooled across
rTMS laterality site. Error bars represent onefold standard error from the mean (SEM); ⁄p < 0.05; two-tailed; ms = milliseconds. Adapted and reprinted from Hartwigsen et al.,
Neuropsychologia, vol. 48(10), 2010, pp. 3155–3163. Copyright (2010) Elsevier.
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for a functional–anatomical double dissociation in parieto-frontal
networks for word comprehension. Based on previous rTMS stud-
ies on phonological and semantic processing (Devlin et al., 2003;
Gough et al., 2005; Hartwigsen, Baumgaertner, et al., 2010;
Hartwigsen, Price, et al., 2010; Nixon et al., 2004; Romero et al.,
2006), see Section 3.1 for details), we expected that left pIFG and
SMG should be essential for phonological word decisions whileaIFG and potentially also angular gyrus (AG) might be more
engaged in semantic decisions. To investigate whether the func-
tional contribution of one area changes in the presence of a dys-
functional region within the same network, we combined ofﬂine
rTMS over the parietal areas with subsequent online rTMS over
the frontal nodes. We found that decisions on the sound of word
stimuli were selectively delayed after ofﬂine rTMS over left SMG
or online rTMS over left pIFG, but not with rTMS over the semantic
Fig. 2. The condition-and-perturb approach. Schematic illustration of rTMS-
induced changes in the functional weight within a language network. (A) Two
language regions for semantic processing (see text for details). The functional
interaction between both nodes is indicated by the dotted arrows. (B) The rTMS-
induced disruption of region A decreases the functional contribution of this area to
the semantic task (indicated by the small circle). In turn, the contribution of area B
is enhanced as indicated by the large circle. The up-regulation of region B may help
to maintain task performance. The functional connectivity between both regions
might also be enhanced as indicated by the bold arrows. (C) If area B is additionally
lesioned with rTMS, this might result in a decrease in task performance.
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enhanced by combining rTMS of SMG with rTMS of pIFG. This sug-
gests that a single focal disruption over one phonological area was
already sufﬁcient to delay task performance, without any evidence
for an acute compensation of the rTMS-induced lesion effect. In
contrast, semantic decisions were only impaired when ofﬂine rTMS
over ANG was combined with online rTMS of aIFG (see also
Fig. 2C), but not after unifocal rTMS over either area alone. This
shows that ofﬂine rTMS over ANG caused a dysfunction which
increased the functional relevance of left aIFG for semantic deci-
sions and sensitized this network to the disruptive effect of online
rTMS over aIFG (see Fig. 2 for the hypothesized mechanisms).
Hence, these results provide causal evidence that ANG and aIFG
both contribute to semantic decisions on the word level and that
the functional signiﬁcance of one area within this network depends
on the functional integrity of the other region.
While these ﬁndings are generally compatible with previous
studies demonstrating disrupted phonological processing after uni-
focal rTMS over either pIFG or SMG (Gough et al., 2005; Romero
et al., 2006), several unifocal rTMS studies reported different results
with respect to the effects of rTMS on semantic decisions. For
instance, two studies found signiﬁcantly impaired semantic pro-
cessing after online rTMS over aIFG (Devlin et al., 2003; Gough
et al., 2005), and unifocal online rTMS over ANG also delayed
semantic decisions in a recent study (Sliwinska et al., 2014). This
contrasts with two previous studies that did not ﬁnd any disruptive
effects of TMS over either aIFG or ANG (Hartwigsen, Baumgaertner,
et al., 2010; Hartwigsen, Price, et al., 2010) and seems to be in dis-
cordance with the ﬁnding of the multifocal TMS study that only
combined TMS over both nodes signiﬁcantly delayed semantic deci-
sions (see above). One possible explanation for these divergent
observations might be related to the stimulation intensity of the
TMS procedure. Indeed, the TMS intensities were considerably
higher in the studies that reported impaired semantic processing
after unifocal rTMS (i.e., 55–60% maximum stimulator output or
110% resting motor threshold) compared with those studies that
reported negative ﬁndings after unifocal perturbations (80–90%
active or resting motor threshold, corresponding to a maximum of
30–50% stimulator output). This might indicate that the potential
for an acute compensation of the virtual lesion effect between pari-
eto-frontal areas for semantic processing as reported in themultifo-
cal study might be restricted to a moderate focal dysfunction
evoked with rTMS at low stimulation intensities. Other possible
methodological issues that could have contributed to the divergent
results are differences in the employed task and targeted subareas.
With respect to the implications of these ﬁndings for word compre-
hension, this might indicate that the semantic network is more
robust against focal perturbations than the phonological network.
These results again show that the TMS-induced virtual lesion effectcritically depends on the selected stimulation parameters (i.e., the
intensity of the TMS protocol) and the employed task.4. Plasticity in the healthy language network
In recent years, an increasing number of studies combined off-
line stimulation with neuroimaging techniques to investigate rapid
reorganization in the healthy human brain. However, most of these
studies were performed in the motor cortex. Yet, relatively few
studies used multimodal approaches combining non-invasive
brain stimulation and neuroimaging techniques in language areas.
A better understanding of the basic mechanisms of adaptive short-
term plasticity in language networks is particularly important to
advance the current knowledge of reorganizational processes in
patients with brain damage and develop effective treatment
strategies.4.1. rTMS studies
Adaptive plasticity in the healthy language system was investi-
gated in a recent study combining high-frequency ofﬂine rTMS
with subsequent fMRI during word recognition (Andoh & Paus,
2011). In that study, auditory word recognition tasks of native
and foreign words were performed during fMRI before and after
the application of 10 Hz rTMS over either left or right pSTG in
two groups. The authors reported increased task-related activity
in the respective contralateral, non-stimulated homologue after
rTMS over either hemisphere. These activity increases were inter-
preted in terms of adaptive short-term compensation. In contrast
to the observed changes in neural activation, a signiﬁcant decrease
in reaction times for native relative to foreign words was selec-
tively found after rTMS over left but not right pSTG. While these
results support the role of the left pSTG in lexical processing, it
remains unclear whether the reported behavioural improvement
was related to increased task-related activity in the contralateral
right hemisphere or decreased activity at the site of stimulation
in left pSTG (Andoh & Paus, 2011). Future studies investigating
TMS-induced changes in the functional inﬂuence between the left
and right hemisphere might contribute to a better understanding
of short-term plasticity during lexical processing.
Interhemispheric interactions between homolog regions were
also investigated with a combined TMS-fMRI approach in the audi-
tory system (Andoh & Zatorre, 2013). Subjects performed a melody
discrimination task during fMRI before and after continuous theta-
burst stimulation over the right auditory cortex. In that study, cTBS
increased the task-related activity in the contralateral auditory
cortex. The strength of the upregulation of the task-related
increase in the contralateral auditory cortex correlated with behav-
ioural performance. Those subjects who showed stronger activity
increases had relatively faster reaction times whereas individuals
with reduced contralateral activity did not exhibit any behavioural
facilitation. Moreover, stronger interhemispheric connectivity
between auditory cortices before TMS was associated with faster
response times after TMS. These results show that TMS can pro-
mote plastic short-term reorganization in the auditory network.
Although this study was restricted to the primary auditory cortices,
the underlying mechanisms might be similar to the plastic changes
observed after focal perturbations in the language system.
In a recent study (Hartwigsen et al., 2013), we combined ofﬂine
with subsequent fMRI to investigate the contribution of the right
hemisphere to speech production after a focal perturbation of the
left hemisphere in the healthy brain. To this end, effective or sham
cTBS was applied over either the posterior or anterior IFG before
subjects performed a simple overt repetition task on word and
pseudoword stimuli in the MR scanner. As expected from previous
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task-related activity during pseudoword vs. word repetition at
baseline (i.e., with sham cTBS) (Fig. 3A) or after cTBS over aIFG.
We did not observe any changes in the task-related connectivity
between both areas during pseudoword vs. word repetition after
sham cTBS. In contrast, relative to cTBS over aIFG, cTBS over pIFG
signiﬁcantly suppressed task-related activity in the left pIFG dur-
ing pseudoword vs. word repetition (Fig. 3B, in blue). In turn, we
found a strong upregulation of the contralateral homolog area after
cTBS of pIFG relative to aIFG (Fig. 3B, in red). Moreover, effective
connectivity analyses revealed that this effect was associated with
a stronger facilitatory inﬂuence from the right pIFG to the left pIFG
during pseudoword repetition. Critically, response times became
faster as the inﬂuence of the right pIFG on left pIFG increased, indi-
cating that homolog areas in the right hemisphere can actively
contribute to speech production after a focal left-hemispheric per-
turbation. Our ﬁndings lend further support to the notion that
increased activation of homologous right hemisphere areas might
support aphasia recovery after left hemisphere damage.
In another multimodal study, Fuggetta, Rizzo, Pobric, Lavidor,
and Walsh (2009) combined event-related potentials (ERPs) with
rTMS to investigate the neural basis of semantic processing. In that
study, rTMS was given over either left or right Wernicke’s area or a
control site in the occipital cortex during a picture-word veriﬁca-
tion task. To avoid stimulation-induced artefacts in the EEG signal,
TMS application and EEG recordings were separated in time, with
the 500 ms train of 10 Hz rTMS starting 750 ms before stimulus
onset and the ERP recordings being stimulus-locked. rTMS selec-
tively delayed response latencies for artiﬁcial relative to natural
items when applied over left Wernicke’s area, but not over the
right hemisphere or the control site. Interestingly, the dissociation
between artiﬁcial and natural items with TMS over Wernicke’s
area had a direct ERP correlate mainly reﬂected by systematic
effects on the late positive complex over the central–parietal elec-
trodes of the right hemisphere. The authors suggested that this
amplitude increase reﬂected a compensatory transfer of language
function from the left to the right hemisphere. Accordingly, rTMS
might have interfered with post-perceptual categorization pro-
cessing of natural and artiﬁcial stimuli that involve separateFig. 3. Illustration of rTMS-induced adaptive plasticity during speech production in the he
shows increased activation during a pseudoword repetition task (big red circle) while th
signiﬁcant task-related connectivity between both regions during pseudoword repetition
activity in the stimulated area (small blue circle) and increases the activity of the right ho
related facilitatory drive from the right to the left pIFG which helps to maintain task
Proceedings of the National Academy of Sciences of the USA, vol. 10(41), 2013, pp. 16402–1subsystems in distinct cortical areas. The absence of any rTMS
effect on natural items might indicate a more bilateral representa-
tion of sensory and perceptual features related to the processing of
these items. The authors inferred that the rTMS-induced disruption
of Wernicke’s area might have to some degree been compensated
by the functional involvement of the right hemisphere, indicating
a functionally relevant integration of right hemisphere activity into
the normal language network subserving language comprehension
on the word level.
Together, the above cited studies stress the value of multimodal
approaches to investigate networks for language comprehension
and speech production by combining neuroimaging techniques
with TMS. These studies demonstrate how TMS can be used to
induce adaptive plasticity in language networks that can be quan-
tiﬁed by subsequent neuroimaging.
4.2. tDCS studies
Most of the tDCS studies in the healthy language system applied
anodal tDCS over left IFG or STG to facilitate learning tasks or pic-
ture naming. A better understanding of the potential of tDCS to
improve language functions is of particular relevance for the appli-
cation in rehabilitation settings. For instance, De Vries et al. (2010)
targeted left IFG with tDCS during the acquisition phase of an
implicit grammar learning task. This study reported improved per-
formance in a subsequent grammatical decision task after a single
20 min session of 1 mA anodal tDCS over left IFG as compared with
sham tDCS and anodal tDCS over right IFG. Particularly, the detec-
tion of syntactic violations was improved after anodal tDCS, which
might be of relevance for facilitating recovery in some patients
with post-stroke aphasia.
In a multimodal approach, Holland et al. (2011) investigated the
effects of anodal tDCS over left IFG on behavioural performance
and neural activity. Relative to sham tDCS, 2 mA of anodal tDCS
signiﬁcantly facilitated picture naming latencies. Behavioural
improvements were accompanied by decreased task-related activ-
ity in the stimulated area during concurrent fMRI. Correlational
analysis showed that faster naming responses were associated
with decreased neural activity in the IFG. The decreased neuralalthy brain. (A) without any rTMS inﬂuences, the left posterior inferior frontal gyrus
e right homologue does not signiﬁcantly contribute (small blue circle). There is no
. (B) Continuous theta-burst stimulation (cTBS) over left pIFG decreases task-related
mologue (large red circle). cTBS over left pIFG is followed by an increase in the task-
-performance (see text for details). Adapted and reprinted from Hartwigsen et al.,
6407. Copyright (2013) National Academy of Sciences, USA.
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priming reported in previous behavioural studies. Accordingly, it
was suggested that anodal tDCS during picture naming may facil-
itate behavioural responses via a regionally speciﬁc neural adapta-
tion mechanism in left IFG.
In a complementary multimodal approach, Wirth et al. (2011)
combined anodal tDCS over left dorsal prefrontal cortex with EEG
during a semantic interference task and picture naming. Relative
to sham tDCS, 30 min of anodal tDCS at 1.5 mA resulted in a signif-
icant behavioural facilitation that was underpinned by an
enhanced electrophysiological semantic interference effect (i.e.,
increased event-related potentials). These results were taken to
reﬂect a superior tuning of neural responses with language-related
generators. Additionally, a signiﬁcant reduction in delta activity
was observed during rest and picture naming after ofﬂine tDCS
over dorsal prefrontal cortex. These effects were interpreted as
neural disinhibition. Together, the behavioural and neural markers
identiﬁed in this study might be used to inform prefrontal stimu-
lation during speech production in studies on aphasia recovery.
A different approach was used by Javadi, Cheng, and Walsh
(2012). These authors applied short-duration tDCS (1.6 s per trial)
over the dorsolateral prefrontal cortex during a memory perfor-
mance task. When applied during word presentation, anodal tDCS
signiﬁcantly increased behavioural performance when subjects
had to memorize words. This effect was reversed with cathodal
tDCS. In contrast, later stimulation onsets after word presentation
did not signiﬁcantly inﬂuence behavioural performance. These
results highlight the importance of the timing of the stimulation.
The beneﬁcial effects of anodal tDCS on different language func-
tions might be explained by an increase in the efﬁciency of task
processing locally in the stimulated areas as well as in intercon-
nected language regions. While the precise physiological mecha-
nisms of the tDCS-induced modulation remain elusive, future
studies employing tDCS and neuroimaging should focus on the
investigation of tDCS-induced changes in the effective connectivity
between network nodes to illuminate network interactions during
speech and language processes.
Interestingly, a recent study by Fertonani, Brambilla, Cotelli, and
Miniussi (2014) suggests that the reported behavioural improve-
ments after anodal tDCS over the left dorsolateral prefrontal cortex
may be age-dependent. In their study, anodal tDCS improved nam-
ing performance only when it was applied during task execution in
elderly subjects, whereas young subjects beneﬁtted from both off-
line stimulation before the task and online stimulation during the
task. These ﬁndings may point towards altered synaptic plasticity
in the ageing brain, which is of particular importance for the appli-
cation of tDCS in neurorehabilitation in (older) patients.
Several studies reported behavioural facilitation of speech pro-
duction, including verbal learning tasks or picture namingwith ano-
dal tDCS over left posterior superior temporal cortex (Fiori et al.,
2011; Floel, Rosser, Michka, Knecht, & Breitenstein, 2008; Sparing,
Dafotakis,Meister, Thirugnanasambandam, & Fink, 2008). In a study
byMeinzer et al. (2014), repeated sessions of anodal tDCS relative to
sham tDCS during explicit word learning facilitated the recall of
both novel and familiar words. The beneﬁcial tDCS effects were
maintained in a follow-up test after 1 week. This observationwould
be compatible with the notion that repeated sessions of tDCSmight
induce long-term effects in the stimulated network (Cohen Kadosh
et al., 2010; Reis et al., 2009), which implies that tDCSmight be used
to modulate long-term plasticity in stroke rehabilitation.
To date, relatively few studies investigated the disruptive effects
of cathodal tDCS in the healthy language system. For instance, Fiori,
Cipollari, Caltagirone, andMarangolo (2014) reported that the repe-
tition of tongue twisters was signiﬁcantly enhanced after 20 min of
anodal tDCS over the left frontal cortex while cathodal tDCS
disrupted taskperformance,with the effects lasting for up to anhourafter the end of stimulation. These data suggest that left inferior
frontal cortex is critical for speech repetition.
In another study, Liuzzi et al. (2010) tested the functional rele-
vance of the left primary motor cortex for novel action word learn-
ing with cathodal tDCS. 20 min of anodal, cathodal or sham ofﬂine
tDCS was applied over four consecutive days prior to the learning
sessions. Compared with sham stimulation, cathodal tDCS signiﬁ-
cantly reduced success rates in vocabulary acquisition. Speciﬁcally,
cathodal tDCS decreased the ability to associatively couple actions
with novel words, providing evidence for a causal involvement of
left primary motor cortex in the acquisition of novel action-related
words.
Cathodal tDCS was also used to probe the relevance of right
hemispheric regions in language processing. For instance, a recent
study (Rosso et al., 2014) applied 15 min of cathodal and sham
tDCS at 1 mA to the right inferior frontal gyrus prior to a picture-
naming task. The authors reported decreased response speed after
cathodal relative to sham tDCS. The paradoxical facilitation was
explained by a tDCS-induced reduction of very slow responses.
Notably, the individual behavioural acceleration during picture
naming was positively correlated with larger volumes of the tract
connecting the right Broca homologue and the right supplemen-
tary motor area (SMA), and a stronger intrinsic coupling from the
right SMA to the right Broca homologue as revealed by effective
connectivity analyses. The authors suggested that the after-effects
of tDCS on brain function are at least in part determined by the
anatomical and functional connectivity of the targeted region.
In a recent concurrent tDCS-fMRI study, Meinzer et al. (2013)
probed the neural correlates of behavioural facilitation induced
by anodal tDCS over left IFG during overt semantic word genera-
tion. Relative to sham tDCS, anodal tDCS at 1 mA signiﬁcantly
improved word retrieval. The beneﬁcial behavioural effects were
paralleled by a reduction in the task-related activity in the left ven-
tral IFG. Moreover, the authors reported increased connectivity
between the left IFG and other core areas for language processing,
including left middle temporal gyrus and bilateral inferior frontal,
inferior parietal and prefrontal regions during resting-state fMRI.
These results were taken as evidence for a tDCS-induced modula-
tion of endogenous low-frequency oscillations in the language net-
work that might have induced more efﬁcient task processing in
relevant network nodes and might thus explain the observed
behavioural improvement.
tDCS has also been used to modulate paralinguistic features in
the right hemisphere. One study reported decreased response
times to subordinate but not dominant associations after anodal
tDCS as compared with sham tDCS over right Wernicke’s area
(Peretz & Lavidor, 2013). These ﬁndings further support the notion
of a right-hemispheric contribution to meta-linguistic language
processes such as lexical ambiguity resolution.
In sum, these studies show that tDCS is a powerful tool to mod-
ulate cortical excitability in language networks in the healthy brain
and might be of potential beneﬁt in promoting aphasia recovery
after stroke. Indeed, an increasing number of studies applied tDCS
in patients with post-stroke aphasia to facilitate recovery (see
Hamilton et al., 2011; Monti et al., 2013 for review). While the
results of these preliminary studies in patients are generally
encouraging, the reported effect sizes are not striking. Hence, it
remains unclear whether tDCS might enhance language functions
after brain damage at a level that is clinically relevant
(Hartwigsen & Siebner, 2012) and future studies on larger patient
collectives are needed to explore the potential beneﬁt of tDCS in
the neurorehabilitation of language functions. Here, it might be
worthwhile to use multimodal approaches, combining imaging
methods and non-invasive brain stimulation to consider the indi-
vidual time-course of recovery. This may include the application
of different stimulation protocols during different phases of
G. Hartwigsen / Brain & Language 148 (2015) 81–94 91reorganization after stroke (Chrysikou & Hamilton, 2011; Saur &
Hartwigsen, 2012).
5. Conclusions and future directions
Across the last few years, the application of non-invasive brain
stimulation in studies of language has substantially increased our
knowledge about the causal role of different brain regions in vari-
ous aspects of language processing. Moreover, these techniques
have provided novel insights into the mechanisms of adaptive
short-term reorganization and plasticity in the healthy language
system. Yet, relatively few studies used multimodal approaches
that combine non-invasive brain stimulation with neuroimaging
techniques such as fMRI or EEG. The ofﬂine combination of brain
stimulation and imaging is relatively easy to establish. Recent
studies demonstrated that non-invasive brain stimulation induces
plastic changes within language networks that are not restricted to
the dominant (left) hemisphere. At least after focal perturbations
of left-hemispheric language areas, homolog right-hemispheric
regions might actively contribute to language function. These ﬁnd-
ings may be used to inform models on language recovery in
patients with post-stroke aphasia in future studies.
Although the concurrent combination of TMS and fMRI is tech-
nically challenging and has not been used in the study of language
so far, this approach may be particularly suited to probe the imme-
diate effects of focal perturbations on language networks and pro-
vide further insights into the neurophysiology of language.
Concurrent TMS and fMRI might thus be used in future studies to
explore the dynamic aspects of language processing in the healthy
system, and elucidate how the functional interactions between
language areas are affected by stroke.
Another promising approach might be the application of novel
techniques such as transcranial alternating current stimulation or
transcranial random noise stimulation. Both methods have been
recently applied to synchronize or desynchronize cortical oscilla-
tions during motor, perceptual and cognitive tasks such as decision
making or learning with speciﬁc or random frequencies (Kuo &
Nitsche, 2012). The modulation of cognition-related oscillations
might prove effective in facilitating language recovery after stroke
in future studies.
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